The xylitol dehydrogenase gene (xdh) of Bacillus pallidus was cloned and overexpressed in Escherichia coli using pQE60 vector, for the first time. The open reading frame of 759 bp encoded a 253 amino acid protein with a calculated molecular mass of 27,333 Da. The recombinant xylitol dehydrogenase (XDH) was purified to homogeneity by three-step column chromatography, producing a single SDS-PAGE band of 28 kDa apparent molecular mass. The enzyme exhibited maximal activity at 55 C in glycine-NaOH buffer pH 11.0, with 66% of initial enzyme activity retained after incubation at 40 C for 1 h. In further application of the recombinant bacterium to L-xylulose production from xylitol (initial concentration 5%) using a resting cell reaction, 35% L-xylulose was produced within 24 h. This result indicates that this recombinant XDH is applicable in the large-scale production of L-xylulose.
Key words: xylitol dehydrogenase; Bacillus pallidus; L-xylulose Several enzymes are involved in L-xylulose formation, but the main enzyme specific for xylitol and L-xylulose interconversion is xylitol dehydrogenase (XDH), also known as L-xylulose reductase (L-XR) (EC. 1.1.1.10). This enzyme belongs to the short-chain dehydrogenase/ reductase superfamily and is known to form part of the uronate cycle of glucose metabolism. Generally, it is involved in the pentose and glucuronate pathway.
L-XR has primarily been identified and characterized in humans, rodents, yeasts and fungi. [1] [2] [3] [4] [5] [6] [7] Erwinia uredovora (later renamed Pantoea ananatis) is the only bacterium known to have an activity related to L-xylulose formation from xylitol. Many studies have been conducted on the mechanisms and properties of the enzyme in this organism. [8] [9] [10] In 2005, Aarnkunnas and colleagues cloned and expressed the NAD-dependent xylitol-4-dehydrogenase gene from this strain to produce L-xylulose from xylitol. 11) At that time, using the resting cell reaction, 80% of the substrate (5 g/l) was converted into L-xylulose.
In humans and rodents, L-XR and related genes have also been studied. It was first described as a mitochondrial enzyme, but later studies demonstrated that it actually also exists in the cytosol of guinea pig liver cells. 12) Diacetyl reductase, implicated in the reduction of diacetyl (2,3-butanedione) to acetoin (3-hydroxy-2-butanone) in hamster liver, was cloned and expressed in Escherichia coli BL21(DE3), and was recognized to be highly homologous to L-XR from mouse lung (carbonyl reductase, MLCR) and hamster sperm protein (P26h). 2) Cloning and expression of a cDNA encoding dicarbonyl/L-xylulose reductases (DCXR) from mouse kidney, together with the molecular characterization of human, rat, hamster and guinea pig counterparts was described by Nakagawa et al. 3) They noted that DCXR is localized to the brush-border membranes of renal tubular cells, which are involved in the formation and accumulation of xylitol, which should contribute to cellular osmoregulation against osmolytic stress in the distal tubules and collecting ducts. Remarkably, some disorders involving the metabolism of dicarbonyl compounds and renal function can be identified from the proposed roles of DCXR.
To understand the mechanisms of L-XR, determination of its structure and crystallography has been extensively pursued. Tanaka et al. reported the crystallization, structural origin of coenzyme specificity, and substrate recognition sites of short-chain dehydrogenases/ reductases (SDR) from mouse lung protein. [13] [14] [15] Subsequently, Ishikura et al. used that structural information to identify the amino acid residues involved in the substrate recognition of L-XR by site-directed mutagenesis of MLCR. 16) Carbone et al. identified inhibitors of human L-XR, based on a model of the holoenzyme in complex with n-butyric acid, which has proven useful for the improvement of potent and specific inhibitors of the enzyme. 17) The roles of crucial amino acid residues in the L-XR structure have also been elucidated to improve the enzyme for further applications such as disease diagnosis and treatment. 18, 19) L-Xylulose is a ketopentose that is a metabolite in various prokaryotic and eukaryotic metabolic pathways. This carbohydrate exists at very low concentrations in nature and therefore can be termed a rare sugar. It has several applications in medicine and clinical diagnosis, including use as an inhibitor of glycosidase in yeast and soybean as well as a reliable indicator of patients with acute or chronic hepatitis or liver cirrhosis. 20, 21) It has also been documented that the occurrence of L-xylulose in the urine can lead to an incorrect diagnosis of diabetes mellitus, or can be used to indicate pentosuria, a rare autosomal recessive trait caused by L-XR deficiency in the oxidative pathway of glucuronate metabolism. 22) L-Xylulose in the human body is synthesized in several ways. Touster et al. found that when glucuronolactone, a normal human metabolite formed from glucose, is administered orally to humans, it is rapidly absorbed, metabolized, and excreted as saccharic acid, xylitol, and L-xylulose. 23) Later, Lane reported that after formation of glucuronate from UDPglucuronate is stimulated, glucuronate is further catabolized to L-ascorbate and L-xylulose in the liver. 24) In addition, Linster and van Schaftingen have reported that red blood cells can produce L-xylulose from xylitol via the enzyme L-XDH, as part of the gluconurate cycle. 25) To better understand the role of L-xylulose in human diseases, the first step is to generate L-xylulose in large quantities for further use as an initial substrate in in vitro reactions.
L-Xylulose can also be investigated as a starting material for the production of other significant rare sugars, such as L-xylose, which is currently used as a nucleotide analog functions as an antiviral and antitumor agent. [26] [27] [28] It has also been reported that brief enantioselective synthesis of 1-deoxy-L-xylulose can be achieved by antibody catalysis. 29) Several methods of L-xylulose production have been studied. Larson et al. described the preparation of Lxylulose from D-sorbitol by a chemical method, but the production route is very elaborate and the product yield extremely low. 30) L-Xylulose can also be synthesized by the refluxing of L-ribulose in dry pyridine, but there is a high risk of contamination by other isomer substances. 31) By a resting cell reaction, L-xylulose production from xylitol has been described in E. uredovora (P. ananatis) and Alcaligenes sp. 701B. 8, 26) Further, cloning of xylitol 4-dehydrogenase from P. ananatis ATCC 43072 has been achieved, and the recombinant strain was used to produce L-xylulose. 11) Based on all previous reports, the highest L-xylulose yields from xylitol are 80% at an initial substrate concentration of 1.0%. By enzymatic procedures, Hollmann and Touster found that L-xylulose could be produced from xylitol using XDH from guinea pig liver mitochondria in vitro. 32) Additionally, Lxylulose was obtained as a minor product during the conversion of ribitol to L-ribulose using D-tagatose 3-epimerase. 33) Due to the intricacies of L-xylulose production, many attempts have been made to obtain higher quantities of this rare sugar. However, the supply of L-xylulose is inadequate for laboratory use, due to its high price on the market. For this reason, we attempted to produce this highly valuable compound by biotransformation, a simple, efficient, cost-and time-effective method, from the common sugar xylitol. XDH from B. pallidus has been purified, characterized, and applied in the production of various rare ketoses from polyols. 34) Here we report the cloning, sequencing, and expression of xdh from B. pallidus, and a characterization of the recombinant XDH in order to understand its properties and phylogenetic background better, by comparing it to the enzymes from other sources and to the original enzyme itself. Furthermore, we explain that E. coli cells carrying recombinant XDH can be applied in the production of L-xylulose from xylitol by a resting cell reaction.
Materials and Methods
Bacterial strains, plasmids and growth conditions. B. pallidus was grown at 55 C for 24 h in yeast extract medium (YE: 0.5% yeast extract, 0.5% polypeptone and 0.5% NaCl in water, pH 8.5) supplemented with 1% sodium L-glutamate. 34) For gene cloning, pBluescriptII SK-(Stratagene, La Jolla, CA) was used as the cloning vector, and E. coli DH5 (deoR endA1 gyrA96 hsdR17 (r k À m k þ ) recA1 relA1 supE44 thi-1 Á(lacZYA-argF) U169 80lacZ ÁM15F À À F 0 ) was used as the corresponding host, while pQE60 (Qiagene, Valencia, CA) was used as expression vector and E. coli
was used as the host for protein expression. Recombinant E. coli was grown in Luria-Bertani broth medium (LB: 1.0% Bacto yeast extract, 0.5% Bacto tryptone, and 1.0% NaCl in water) or super broth medium (SB: 2.0% Bacto yeast extract, 3.5% Bacto tryptone, and 1.0% NaCl in water) supplemented with ampicillin (100 mg/ml), at 30 C with shaking (120 rpm). When required, isopropyl--D-thiogalactopyranoside (IPTG: 1 mM) and 5-bromo-4-chloro-3-indolyl--D-galactopyranoside (X-Gal: 40 mg/ml) were added to the medium. For induction of the lac promoter after a cell density of OD600 ¼ 0:7{1:0 was attained, IPTG (1 mM) was added, and the cells were incubated for a further 4 h.
Enzymes, primers, and chemicals. Restriction enzymes, modifying enzymes, and other molecular related reagents were purchased from Takara Shuzo (Kyoto, Japan). Reaction conditions were employed as recommended by the suppliers. General chemicals and sugars were obtained from Wako Pure Chemicals (Osaka, Japan) or Sigma Aldrich (Canton, MA). Synthetic oligonucleotide DNA primers for PCR and the sequencing reaction, as shown in Table 1 , were purchased from Invitrogen (Carlsbad, CA).
DNA manipulation and hybridization. Genomic DNA preparation and recombinant DNA techniques were performed following standard procedures. 35) DNA was extracted from agarose gels with a Geneclean turbo kit (Q-BIO, Vista, CA). Plasmid isolation was performed with a Mag Extractor Plasmid kit (Toyobo, Tokyo, Japan). E. coli cells were transformed by the method of Hanahan. 36) The DNA fragment amplified by PCR was labeled with digoxigenin-11-dUTP (DIG-11-dUTP) using a DIG DNA labeling kit (Roche Diagnostics, Mannheim, Germany), and then utilized as probe for hybridizations. Detection was performed using the DIG chemiluminescent detection kit (Roche) according to the protocol supplied.
N-Terminal and internal amino acid sequencing. To purify XDH, a crude extract from cultured B. pallidus was prepared as reported previously. 34) N-Terminal amino acid sequencing was carried out for the target peptide fragment. To determine the internal amino acid sequences, purified XDH was digested with CNBr and separated by SDS-PAGE before electroblotting onto a polyvinyldene difluoride (PVDF) membrane (Fluorotrans, Pall, NY). The peptide fragments were eluted from the membrane with 70% formic acid and sequenced using an automated Edman degradation system (Model 491, Applied Bioscience, Foster, CA).
PCR amplification of the xdh probe. Purified chromosomal DNA was used as a template to amplify part of the xdh gene using the synthesized oligonucleotide primers derived from the N-terminal and internal peptide fragments of the enzyme (Table 1 ). Three pairs of synthetic primers were used in the PCR amplifications (F1-R1, F2-R2, and F2-R3). The amplification reactions were performed in a final volume of 20 ml containing PCR buffer, 0.25 mM of deoxyribonucleoside 5 0 -triphosphate mixture, 2.5 mM MgCl 2 , 10 pmol of each primer, and 1.25 U of LA Taq DNA polymerase (Takara Shuzo). The PCR reaction was held in a thermocycler at 95 C for 15 min, followed by 30 cycles of amplification consisting of 1 min of denaturation at 95 C, 1 min of annealing at 55 C, and 2 min of extension at 72 C, and finally holding at 72 C for 5 min (iCycler Thermal Cycler 582BR, Bio-Rad, Chicago, IL). Under these conditions, the DNA sequence of the specific amplified 600-bp fragment using the primer pair of F2-R3 was obtained. The 600-bp fragment amplified by PCR was labeled with digoxigenin-11-dUTP (DIG-11-dUTP) and used as a probe in hybridization.
Cloning of xdh. Genomic DNA from B. pallidus was digested with several restriction enzymes and subjected to Southern hybridization analysis with the 600-bp labeled probe. A 2.0-kb HindIII fragment was selected from several hybridized fragments and cloned into a HindIIIdigested pBluescriptII SK-vector that had been treated with alkaline phosphatase (Takara Shuzo). The plasmid construction was named pXY25-I, and introduced into E. coli DH5 to construct a genomic library. Transformants that was grew on an LB plate containing ampicillin, IPTG, and X-gal were analyzed for selection of positive insertion by nucleotide sequence analysis, and were then compared with known databases using the BLAST program to find the N-and C-terminal regions of XDH for the synthesis of new oligonucleotide primers for complete sequencing. 37) Nucleotide sequence analysis. DNA sequences were determined for both directional strands by the dideoxy nucleotide chain termination method using the DTCS Quick Start Kit (Beckman Coulter, Fullerton, CA), and were analyzed on a CEQ8000 system (Beckman Coulter). 38) Homology searches were performed with nucleotide sequence and the deduced amino acid sequence, available from the DDBJ databases, using the BLAST program. 37) Multiple sequence alignments were assembled with the ClustalW program. 39) The xdh was assigned accession no. AB548303 by DDBJ.
Construction of expression plasmid pXY25-II. Amplification was carried out using the synthetic oligonucleotide primer Forward-X1, which contains an engineered NcoI site (underlined), and Reverse-X1, which contains a BamHI site (underlined) ( Table 1 ). The amplification conditions were as described above. An approximately 0.9-kb NcoI-BamHI fragment containing the complete coding sequence of xdh was obtained by agarose gel electrophoresis. The NcoI-and BamHIdigested xdh fragment was ligated with pQE60 predigested with NcoI and BglII (named pXY25-II) and then transformed into the expression host, E. coli JM109. The transformants were grown in 3 ml SB supplemented with ampicillin at 37 C for 12 h. Protein production was initiated by the addition of 1 mM IPTG. After cultivation, the cells were collected, washed, and disrupted by sonication at 4 C. After centrifugation at 10;000 Â g, both the supernatant and the pellet were assayed for XDH activity by the method described below.
Preparation of crude extract and purification of recombinant XDH. E. coli JM109 harboring pXY25-II was cultivated at 30 C in 400 ml of SB medium supplemented with ampicillin to a cell density of OD600 ¼ 0:7{1:0. Expression was induced by the addition of 1 mM IPTG, and incubation was continued for 4 h at 30 C. After cultivation, cells were harvested by centrifugation at 10;000 Â g for 10 min at 4 C, and were washed twice with distilled water. B. pallidus cells were harvested by centrifugation at 12;000 Â g for 5 min, and washed twice with distilled water.
All purification steps were carried out at room temperature unless otherwise stated. The washed cells were disrupted by sonication for 5 min and resuspended in 50 mM glycine-NaOH buffer at pH 10.0. The cell debris was removed by centrifugation (10;000 Â g, 15 min) and the supernatant was used as crude extract.
Step 1: Resource phenyl column chromatography The crude extract was adjusted to a final concentration of 2 M (NH 4 ) 2 SO 4 and applied directly onto a Resource phenyl column (GE Healthcare, Amersham, UK). The column was pre-equilibrated with a buffer consisting of 10 mM sodium phosphate (pH 7.0) and 2 M (NH 4 ) 2 SO 4 . The sample was eluted with a linear gradient from 2.0 M to 0 M (NH 4 ) 2 SO 4 in the same buffer. The active fractions were pooled and desalted by dialysis in 10 mM Tris-HCl (pH 9.0) for 24 h.
Step 2: Resource Q column chromatography The active soluble fraction from the first step was loaded onto a Resource Q column (GE Healthcare) previously equilibrated with a buffer consisting of 10 mM sodium phosphate (pH 7.0). The sample was eluted with a linear gradient from 0 M to 1.0 M NaCl in the same buffer. The active fractions were combined for further purification.
Step 3: Resource ISO column chromatography The active soluble fraction from the previous step was loaded onto a Resource ISO column (GE Healthcare) pre-equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 2 M (NH 4 ) 2 SO 4 . The sample was eluted with a linear gradient from 2 M to 0 M (NH 4 ) 2 SO 4 in the same buffer. The active fractions were collected and stored at 4 C for further study. Proteins pooled from the various steps of the purification process were analyzed by SDS-PAGE.
Enzyme assay and protein determination. XDH activity was determined by measuring spectrophotometrically the increase in NADH absorbance at 340 nm of 40 C with xylitol as substrate. The reaction was initiated by adding 20 ml of 0.1 M of xylitol to the assay mixture, which contained 50 mM glycine-NaOH buffer (pH 10.0), 20 ml of 25 mM NAD þ , and 20 ml of the diluted enzyme in a final volume of 200 ml. The absorbance was monitored for 10 min at 1-min intervals. The blank contained no substrate. One unit of XDH activity was defined as the formation of 1 mmol NADH per min under the assay conditions. Specific activity was expressed as enzyme units per mg of protein. All measurements were performed in multi-well plates using a micro-plate reader (Bio-Tek Instruments, VT). Protein concentration was determined using a protein assay kit (Bio-Rad) at an absorbance of 595 nm using a Gene Quant spectrophotometer (Biochrom, Cambridge, UK). In order to determine the effects of metal ions on enzyme activity, intact ions of the enzyme were depleted with 50 mM EDTA. Various divalent ions (Ca 2þ , Li 2þ , Ni 2þ , Ag 2þ , Cu 2þ , Zn 2þ , Co 2þ , Mg 2þ , and Mn 2þ ) or monovalent ions, such as Na þ and K þ , were added to the reaction mixture (final concentration 1 mM) and mixed with the ion-depleted apoenzyme for the enzyme assay. The optimal pH for enzyme activity was determined in 50 mM of acetate buffer (pH 3.0-6.0), sodium phosphate buffer (pH 6.0-8.0), Tris-HCl buffer (pH 7.0-9.0), and glycine-NaOH buffer (pH 9.0-11.0). The pH stability of XDH was evaluated by pre-incubation of the purified enzyme in various buffers at various pH levels at 4 C for 1 h, followed by the standard enzyme reaction, as described above. The optimal temperature for enzyme activity was determined at various temperatures (0-70 C) for 10 min in the assay mixture. The temperature stability of XDH was determined by incubation of the purified enzyme at 0-70 C for 1 h in 50 mM glycine-buffer (pH 10.0), followed by the standard enzyme reaction. The substrate specificity was tested using 0.1 M polyols as substrate in the assay mixture, which contained 50 mM glycine-NaOH buffer (pH 10.0), 20 ml of 25 mM NAD þ , and 20 ml of the diluted enzyme in a final volume of 200 ml. For the activity toward L-xylulose, the assay mixture contained 0.1 M L-xylulose, 50 mM glycine-NaOH buffer (pH 10.0), 20 ml of 25 mM NADH, and 20 ml of the diluted enzyme in a final volume of 200 ml. The absorbance was monitored for 10 min at 1-min intervals. The blank contained no substrate. One unit of L-xylulose reductase activity was defined as the formation of 1 mmol NAD þ per min under the assay conditions. In case of kinetic properties, various concentrations of sugars or NAD þ were applied. The kinetic parameters, K m (mM) and V max (U/mg), and the catalytic parameters, k cat (min À1 ) and k cat /K m (M À1 min À1 ), were calculated from Lineweaver-Burk (1/S vs. 1/V) plots of the Michaelis-Menten equation.
Conversion of xylitol by resting cell reaction. Recombinant E. coli
JM 109 harboring xdh was cultivated in a 500-ml Erlenmeyer flask with 200 ml of SB medium containing ampicillin at 30 C with shaking (200 rpm) for 16 h before inducing by IPTG. Cells were harvested by centrifugation at 10;000 Â g for 5 min, and were washed twice with distilled water before resuspension in 50 mM glycine-NaOH buffer (pH 10.0). The reaction was carried out with concentrations of xylitol as substrate in a 30-ml L-shaped tube with shaking (150 pm) at 37 C. Oxidation of the substrate and accumulation of the products in the aqueous reaction were determined by a colorimetric method and by high-performance liquid chromatography (HPLC) (Hitachi, Tokyo) using a separation column (GL-C611, Hitachi) at 60 C, eluted with 10 À4 M NaOH at a flow rate of 1.0 ml/min. 40) 
Results and Discussion
Cloning and sequence analysis of the gene encoding XDH Authentic XDH from B. pallidus was purified to homogeneity through three chromatographic steps. 34) The purified enzyme appeared to have a molecular mass of 28 kDa on SDS-PAGE, and the N-terminal amino acid sequence of the intact 28-kDa protein resulted in the sequence of MFQGYDKNFNIKDKIAIVTGGAS-GIGKAISE.
To determine the internal amino acid sequence, the purified enzyme was digested with CNBr and separation was performed by SDS-PAGE before electroblotting onto a PVDF membrane. Four fragments were observed on SDS-PAGE, and the N-terminal amino acid sequences of two fragments of 1.2 and 1.5 kDa, were identified as KVLAYEWAQFVINVNAIVPKVILTEL and IEQGHGGKIINLASQA, respectively. From these short amino acid sequences degenerative oligonucleotide primers were synthesized, as shown in Table 1 , and were used in the amplification of chromosomal DNA from B. pallidus. The resulting 600-bp DNA fragment, obtained by PCR with the F2-R3 pair of primers, was utilized as a probe for hybridization in further steps (data not shown).
The chromosomal DNA from B. pallidus was digested with several restriction enzymes and subjected to Southern hybridization (data not shown). A 2.0-kb HindIII-digested fragment, which was found to hybridize with the 600-bp probe, was cloned into the corresponding site of pBluescriptII SK-, generating plasmid pXY25-I, and was subsequently transformed into E. coli DH5. The deduced amino acid sequences of these genes showed similarities to SDR of Listeria monocytogenes. The N-and C-terminal regions of SDR of this strain were compared with the fragment of the insert gene using the BLAST program. 37) Based on the resulting homology, primers were designed to amplify the complete length of xdh. Moreover, to facilitate cloning, the restriction sites of NcoI and BamHI were added to the forward and reverse primers respectively ( Table 1 ). Amplification of chromosomal DNA using these synthesized primers resulted in an 800-bp length of DNA on agarose gel electrophoresis (data not shown).
The complete nucleotide sequence of xdh from pXY25-I corresponded to an open reading frame (ORF) of 759 bp encoding 253 amino acids (AA) with a calculated molecular mass of 27,333 Da, in good agreement with the molecular mass of the native purified XDH (28 kDa) ( Fig. 1) .
A homology search of B. pallidus XDH using the ClustalW program revealed identity with several enzymes from various sources. The B. pallidus XDH showed identity (44%) with that from P. ananatis, which is similar in terms of NAD þ requirement to the conversion to L-xylulose from xylitol. 11) Based on the homology search, this is the first report on the construction of a recombinant enzyme involved in xylitol and L-xylulose interconversion (XDH/L-XR) in the Bacillus group.
Mass production and purification of the recombinant XDH
To construct expression plasmid pXY25-II, the xdh fragment derived from pXY25-I was ligated into the pQE60 vector at multi-cloning sites, and this was introduced into the expression host, E. coli JM109. The recombinant XDH was purified by three-step column chromatography, and the purified enzyme was found to form a single band on SDS-PAGE with an apparent molecular mass of 28 kDa (Fig. 1 ). This is in agreement with the observed molecular mass of the native enzyme. This result showed the size to be comparable with related enzymes from other sources, which appeare to have approximate sizes of 26-40 kDa on SDS-PAGE analysis. 2, 3, 6, 11, 16) We also constructed C-terminal His-tagged XDH to facilitate purification, but XDH activity was significantly lower (data not shown). Hence the non-Histagged enzyme was used throughout this study. This result is agreement with an earlier publication reporting that a C-terminal His-tag in an enzyme belonging to the short chain alcohol dehydrogenase family may have led to an inactive enzyme. 41) 
Effects of metal ions on XDH activity
As shown in Table 2 , we found that enzyme activity was mostly lost after EDTA treatment. This indicates that XDH is a metal-dependent enzyme. Highest activity was observed when Mn 2þ was present in the reaction mixture, followed by Ca 2þ and Mg 2þ . The B. pallidus XDH showed metal dependency different from XDH/ L-XR of P. ananatis, Ambrosiozyma monospora, and C. porcellus, which required Mg 2þ or Ca 2þ as cofactor. 3, 6, 11) To our knowledge, this is the first report of a Mn 2þ -dependent XDH enzyme.
Effects of temperature and pH on XDH activity
As shown in Fig. 2 , the recombinant XDH enzyme showed highest activity at 55 C. After incubation of it 
Reverse-X1 5 0 -AGAGAGGATCCGCTGCATAAATTCAGCTATT-3 0 at 40 C for 1 h in glycine-NaOH buffer (pH 10.0), approximately 70% of the enzyme activity was retained.
Enzyme activity was highest at pH 11.0 with glycine NaOH buffer and was stable under alkaline conditions (pH 7.0-10.0) after 24 h incubation (Fig. 3 ). This is in keeping with known XDHs from P. ananatis, which were also maximized under alkaline conditions. 11) Substrate specificity and kinetic properties of the recombinant XDH B. pallidus XDH was determined to be an NADdependent enzyme responsible for polyol and ketose interconversion. Activity was apparently lost when NAD þ was replaced with NADP þ . This preference for NAD þ (K m ¼ 0:034 mM) is rarely found in the SDR superfamily, which is mostly specific for NADP þ (Table 3) . 3, 6, 7, 11) The XDH from B. pallidus has narrow substrate specificity, similarly to other known XDH/L-XRs. It displayed highest activity for oxidizing D-threitol and xylitol followed by D-iditol (88%). Slight activity was observed with D-arabitol (8%). No activity was detected with the other tested polyols (D/L-rhamnitol, galactitol, allitol, D/L-fucitol, D-talitol, L-iditol, L-threitol, D/L-sorbitol, D/L-mannitol, D/L-arabitol, ribitol, and erythritol).
The kinetic parameters of the purified recombinant XDH from B. pallidus against D-threitol, D-arabitol, xylitol, and L-xylulose were determined. It exhibited a Michaelis-Menten constant (K m ) and a maximum velocity (V max ) for xylitol of 2.06 mM and 5.88 U/mg respectively. The kinetic parameters of the reverse reactions for L-xylulose were K m ¼ 1:27 mM and V max ¼ 2:38 U/mg respectively. The overall results for the kinetic parameters are summarized in Table 4 . The K m value of the enzyme, which was comparable to other known XDH/L-XRs, showed higher affinity to xylitol and D-threitol (Table 3 ). The apparent k cat /K m value of the enzyme for xylitol was 80,100 M À1 min À1 , comparable with that of others reported previously, XDH from P. ananatis (125,000 M À1 min À1 ) and L-XR from A. monospora (168,000 M À1 min À1 ) ( Table 4 ). 6, 11) 
Rare ketose production from polyols by recombinant XDH
To determine conversion ratios, biotransformation of various polyols was conducted using the resting cell conversion of E. coli JM109 harboring xdh from B. pallidus at 37 C. The product formation was then analyzed by HPLC after 24 h of conversion. Recombinant E. coli showed the same conversion behavior as authentic B. pallidus XDH ( Table 5 ). 34) Although the relative activity of B. pallidus XDH for D-iditol was almost same as xylitol and D-threitol, conversion (72%) was significantly higher than these polyols (48-50%), perhaps due to the intact D-arabinose isomerase of E. coli. The enzyme is specific for polyols, which have the -OH group at C2 and C3 in the L-and the D-configuration respectively. However, the conversion rates of the tested polyols showed results similar to authentic B. pallidus XDH. 34) Generally, the handling and utilization of E. coli in this production system is relatively easy in terms of cell quantities, medium composition, contamination problems and enzyme stability. Optimization of the production conditions, pH, temperature, cell density and medium composition, should result in enhancement of conversion efficiency. More advanced genetic engineering can also be used to improve and modify enzyme functions and properties in order to increase transformation capabilities.
Relative activity (%)
We have reported that B. pallidus cells possess two polyol dehydrogenases, ribitol-2-dehydrogenase and xylitol-4-dehydrogenase, since they possess the ability to transform two types of polyols: (i) the polyol configuration with -OH at the C2 and C3 positions in the D-and the L-formula respectively, and (ii) the polyol configuration with -OH at the C2 and the C3 positions in the L-and the D-formula respectively. The preferred substrate for ribitol 2-dehydrogenase was allitol, followed by L-arabitol, while the preferred substrates for xylitol 4-dehydrogenase were xylitol, D-iditol, D-threitol, D-talitol, and D-arabitol, as found in this study ( Table 5 ).
L-Xylulose production by the recombinant XDH strain
The effects of xylitol concentration on conversion ability are shown in Table 6 . L-Xylulose was produced from 1, 2, 5, 10, 15, and 20% substrate (xylitol), with as much as 51%, 53%, 36%, 24%, and 17% conversion respectively, within 24-48 h. Although this conversion rate is lower than with the authentic bacterial enzyme, the degree of formation of by-products is significantly lower. 34) As describeed above, the higher conversion rates were achieved after appropriate optimization. Incubation of the resting cell reaction at higher temperatures (42 C and 45 C) was also performed, but the L-xylulose formation rate was distinctly lower than at 37 C incubation, while L-xylose was highly accumulated, perhaps due to the intact D-arabinose isomerase of E. coli (Table 6) .
Taking together the results of this study, it was found that construction of recombinant XDH from the thermotolerant bacterium B. pallidus can be accomplished. The recombinant XDH was determined to have several prior characteristics as compared to other known enzymes, such as preference for NAD þ (K m ¼ 0:034 mM) rather than NADP þ for its activity, stability at high temperatures, it retained 70% activity at 40 C for 1 h, and the capability of direct transformation from xylitol to L-xylose in high substrate concentrations. After optimization of the various parameters involved in the transformation conditions, this enzyme should be a leading candidate for industrial-scale production of L-xylulose and L-xylose.
